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A B S T R A C T
Fluvial sediments of the Paglia River, a tributary of Tiber River (Central Italy), are contaminated by mercury
(Hg) as a consequence of past mining activity (1846–1981, with main production 1900–1970) in the Monte
Amiata district (the 3rd largest Hg producer worldwide). In this study, we combine a geomorphological analysis
with geochemical data to try and understand the influence of fluvial dynamics on the spatial distribution of Hg in
fluvial sediments over a 43 km segment of the river.
By considering the evolution of the river course between 1883 and 2013, eight different geomorphic units
(GUs) were recognised, including the active channel bed (baseflow channel and bar), the floodplain, and five
orders of terraces. The distribution of Hg in sediments of these GUs reflects the timing of their formation with
respect to evolution of the mining activity. In GUs formed before the main peak of mining activity, or after mine
closure, sediments show mean Hg contents comparable to, or slightly higher than, the local background, esti-
mated at 2–6mg/kg; in GUs formed during the peak production, Hg mean contents are definitely higher (up to
26mg/kg). The current floodplain also shows high contents (mean 19mg/kg), because of continuous reworking
and transport of older contaminated sediments during major flood events. Therefore, the point contaminant
sources represented by mining centres evolved into a diffuse source spread over several tens of kilometres.
By combining geochemical data with calculated sediment volumes, we estimate that not less than 63 tonnes
of Hg are currently contained in the sediments of the investigated river stretch. Such amount of Hg will probably
limit for the near future a full land use along the Paglia–Tiber course.
1. Introduction
In recent decades, human civilization and a concomitant increase in
industrial activity have gradually redistributed many potentially toxic
metals from the Earth's crust to the environment, increasing the pos-
sibility of human exposure. Contaminated sediments generated by in-
dustrial and other anthropogenic activities may enter in fluvial systems
and be deposited on stream banks, floodplains, and within channel
during normal transport and large flood events. As stressed by Lafhaj
et al. (2008), international, especially European, laws became more
stringent, and in many areas of the world stream sediments have to be
treated as waste material. In many European countries, former point
sources of pollution (e.g., waste heaps) were progressively distributed
along rivers by runoff, becoming diffuse sources (Pattelli et al., 2014;
Hurley et al., 2017). As a consequence, stream sediment management
has become an environmental and economical concern for a large
number of countries (Lafhaj et al., 2008).
This large-scale contamination has been documented in several
studies (e.g., Martin and Maybeck, 1979; Salomons and Forstner, 1984;
Lewin and Macklin, 1987; Miller, 1997; Owens et al., 2005; see also a
recent special issue of Journal of Soils and Sediments, vol. 17(11),
November 2017). The important role of geomorphological fluvial pro-
cesses and dynamics in controlling mining waste transport and storage
in river systems has been widely demonstrated in a number of papers
(e.g., Lewin and Macklin, 1987; Graf, 1990; Graf et al., 1991; Macklin,
1992, 1996; Miller, 1997; Lecce and Pavlowsky, 1997; Miller et al.,
1999; Macklin et al., 2003; Cáceres et al., 2013; Grygar et al., 2016).
For example, interactions between channel change and historic mining
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sediments, quantification of bank erosion, and sediment budgets are
important aspects for understanding and assessing metal contamination
in fluvial sediments (e.g., Lewin et al., 1977; Macklin, 1996; Rhoades
et al., 2009; Grygar et al., 2017).
Macklin et al. (2006) provided a review on sediment-associated
metal dispersion processes in river systems, and emphasized how a
geomorphological approach based on an understanding of these pro-
cesses, and the space and timescales over which they operate, is fun-
damental to support river basin management and mitigate the effects of
current and historical metal mining.
Among the various potentially toxic metals, mercury (Hg) is of
particular concern, as it is present in a large variety of chemical forms,
and most of its compounds are toxic even at low quantity. Globally,
approximately one million metric tons (t) of Hg have been extracted
from various deposits in the world (Hylander and Meili, 2003), most
notably in the Mediterranean region (Baldi and D'Amato, 1986;
Barghigiani and Ristori, 1995; Cossa and Coquery, 2005; Rajar et al.,
2007), which hosts about 65% of the world's cinnabar (HgS) deposits
(Bargagli et al., 1986; Rytuba, 2003).
High concentrations of Hg deposited in fluvial sediments were
documented by various studies e.g. Rhoades et al. (2009, VA, USA),
including the widespread Hg contamination following two thousand
years of mining activity in Almadén (Spain, Berzas Nevado et al., 2003;
García-Ordiales et al., 2014, 2016) and five hundred years in Idrija
(Slovenia, Gosar et al., 1997; Biester et al., 2000; Žibret and Gosar,
2006; Gosar, 2008; Gosar and Žibret, 2011; see more in § 5.1).
Between the 1860s and 1980s, the Monte Amiata Mining District
(MAMD), located in southern Tuscany (Italy), produced about
102,000 t of Hg. A large amount (at least 30,000 t, and possibly as much
as 44,000 t, Bombace et al., 1973; Benvenuti and Costagliola, 2016) was
dispersed into the environment, notably into the hydrographic basin of
the Paglia River (R.), a tributary of the Tiber River (the third longest
river in Italy, flowing through the capital city of Rome). Rimondi et al.
(2012) showed that,> 30 years after the mining activity came to a
complete halt, Hg-rich processing residues and abandoned mine struc-
tures still constitute an environmental pollution problem. Gray et al.
(2014) and Lattanzi et al. (2017) documented the long-distance trans-
port of Hg along the Tiber River downstream from the MAMD. Pattelli
et al. (2014) compared stream sediment contamination of the Paglia
and Tiber rivers before and after a large flood event (November 2012)
to assess its effects on total Hg contents. Although many aspects related
to the contamination deriving from the MAMD have been analysed, an
overall study considering the distribution of contaminant in the fluvial
system and its links with geomorphological features and past channel
changes was not adequately addressed.
In this paper, an integrated geomorphological and geochemical
approach combining various data sources, observations and analyses is
used to support an interpretation and understanding of the contaminant
distribution in the upper catchment of the Paglia R. The contamination
from the MAMD to the sediments of the upper Paglia R. catchment is
used as a case study, aiming to: (i) describe and discuss the overall
methodological framework for analysing the contaminant amount and
distribution in the fluvial system; (ii) illustrate and discuss the spatial
variability of contaminants along the analysed portion of the catch-
ment; (iii) document an example of the evolution from point source to
diffuse source of contamination.
2. Study area
2.1. General setting of the upper part of Paglia R. catchment
The upper part of the hydrographic basin of the Paglia R. extends
over an area of about 720 km2, straddling southern Tuscany, northern
Latium, and central Umbria. The shape of the basin and the hydro-
graphic net are mainly defined by the structural setting of two grabens:
Radicofani to NNW (Liotta, 1994a, 1994b, 1996; Liotta and Salvatorini,
1994; Barchi et al., 1998), and Paglia-Tiber to SSE (Funiciello et al.,
1981 - Fig. 1). The hydrographic basin is also morphologically influ-
enced to the N by the volcanic structure of Radicofani, to N and E by the
Horst of Monte Cetona (Bertini et al., 1991; Brogi et al., 2000); to NW
by the volcanic structure of Monte Amiata; to W by the Horst of Monte
Civitella - Monte Elmo; to the S by the presence of the Vulsini volcanic
complex, and to SE by the Monte Peglia (east of the limits of Figs. 1 and
2).
The geological structure of this area is related to the Tertiary
Apenninic orogeny and subsequent post-collision events (Brogi, 2008;
Molli, 2008). These events led to the genesis of extensive magmatic and
hydrothermal phenomena, with formation of the Monte Amiata volcano
and the associated geothermal zone. As a result of this geodynamic
history, the area is characterised by a stack of units over the western
edge of the Adria tectonic plate: from bottom to top, these units are
composed by Tuscan and Umbrian Units, detached from the Adria plate;
Ligurian and Subligurian Units, consisting of fragments of oceanic basin
and its oceanic-continental transition (Marroni et al., 2015 - Fig. 1).
These units, mainly constituted by siliciclastic and carbonatic se-
quences, represent the pre-Neogenic substrate.
Fig. 1. Geological sketch of the study area
(modified from Carta geologica d'Italia,
sheets 129 and 130, and Mancini et al.,
2004). The white contour delimits the Pa-
glia R. catchment; A and B points define the
studied stretch of the river. The Pleistocenic
terrace of Podere Bolognino and T1 terrace
of Centeno are also shown (§ 4.4).
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This substrate is overlain by a) Neogenic deposits (marine, transi-
tion and continental successions – Liotta, 1996; Marroni et al., 2015); b)
Quaternary volcanic and volcano-sedimentary successions - Monte
Amiata (Marroni et al., 2015) and Radicofani complexes (Conticelli
et al., 2011) in the northern part, Vulsini complex to the south; c)
continental deposits complex (Quaternary). The latter is characterised
by: (1) Holocenic fluvial deposits: these are present along the Paglia R.
valleys and its main tributaries, consisting mainly of sandy-silty beds
and pebbles. The Paglia R. cuts through its alluvial deposits, locally
forming various orders of terraces; (2) Pleistocene deposits: fluvial-la-
custrine deposits, mainly formed by conglomerates with sandy-silty
beds and levels. These deposits are arranged on large terraced surfaces
located at higher elevation (from 5 to 20m) compared to the current
course of the Paglia R. (e.g. Pleistocene terrace in Fig. 1).
2.2. The Paglia River
The studied stretch of the Paglia R. extends for about 43 km from
the river starting point (marked by the confluence of the Pagliola and
Cacarello creeks, about 4 kmW of Abbadia San Salvatore - point A in
Figs. 1 and 2; 388m asl), to Allerona Scalo (point B in Figs. 1 and 2;
156m asl). The area of specific interest has an average width of 500m,
for a total extension of approximately 18.5 km2, and is characterised by
present-day alluvial deposits and various orders of fluvial terraces.
The Paglia R. sediments lie for 53% of the length of the examined
stretch over Neogenic sediments within the Radicofani Graben, for 36%
over the pre-Neogenic substrate in the area of Cetona Horst and
Quaternary volcanites of the Vulsini complex, and for the remaining
11% over the Neogenic sediments of the Paglia-Tiber Graben.
The course of the Paglia R. follows largely the NNW-SSE direction of
Radicofani Graben, then it turns toward WNW-ESE, in the southern part
of the Radicofani Graben. This change of direction is probably condi-
tioned by the uprise of the area related to the emplacement of the
Vulsini volcanic apparatus. Then the river assumes variable directions
(SW-NE, NW-SE, WSW-ENE) when crossing the Cetona Horst, and in the
final part it runs along the NNW-SSE direction of the Paglia-Tiber
Graben.
2.3. Overview of mining activity and contamination problems
In the MAMD, the genesis of Hg deposits has been associated to the
hydrothermal systems present in southern Tuscany during Pliocene-
Quaternary, possibly with secondary enrichment during Pleistocene
(Tanelli, 1983; Klemm and Neumann, 1984; Brogi and Fabbrini, 2009;
Morteani et al., 2011; Gasparrini et al., 2013; Rimondi et al., 2015).
Cinnabar was by far the prevalent mineral, while metacinnabar and
native Hg were subordinate; accessory As sulfides (realgar and orpi-
ment) were quite common.
Although the Monte Amiata area has been known since the anti-
quity for the presence of cinnabar, the Hg mining activity went on es-
sentially from the mid-1800s to 1980 (Bombace et al., 1973; Strappa,
1977). In 1948, there were 42 mines in activity and several prospects.
The run-of-the-mine had a Hg content of 0.6 to 2% (Klemm and
Neumann, 1984; Morteani et al., 2011). The main mines of relevance
for the Paglia R. were Abbadia San Salvatore, Siele - Carpine, Case di
Paolo – Senna mine - Cerro del Tasca, and Cornacchino (Table 1 and
Fig. 2); Abbadia San Salvatore was by far the most important.
The Hg contamination problems in the Paglia R. basin (Table S1) are
mainly related with the presence of mining residues, including calcines
(e.g. in Abbadia San Salvatore these materials cover an area of about
120,000m2). The presence of Hg in calcines can be attributed to an
incomplete retorting process. This leads to the presence of residual
cinnabar that was not converted into gases, and to formation of sec-
ondary Hg compounds (Gray et al., 2004; Esbri et al., 2010; Gray et al.,
2010; Teršič et al., 2011a, 2011b, 2014; Rimondi et al., 2012, 2014a,
2014b; Smith et al., 2014).
The occurrence of Hg contamination in soils of the mining district of
Fig. 2. Location of sampling sites along the
studied stretch of the Paglia R. (between
points A and B). The figure also shows the
relevant spatial units (landscape units, seg-
ments, and reaches, as defined in § 4.1), the
mining areas drained by the tributaries, and
the two additional sampling points
(“Paglia” and “Orvieto”) located down-
stream of the studied stretch (§ 4.5). The
stars (*.n) indicate the beginning of seg-
ments (§ 4.1), n.n (black dots) the begin-
ning of the reaches, n.n (red bars) transects
along the Paglia R., Siele (red font) the
transect along the Siele C.
Landscape Units: 1LU - Mountain area, 2LU
- Hilly areas, 3LU - Mainly hilly areas, 4LU -
Intermontane plain unit.
Mining areas: A - Abbadia San Salvatore
(drained by Pagliola C.), B - Case di Paolo -
Senna mine (drained by Senna C.) - Cerro
del Tasca (drained by Minestrone C.), C -
Siele - Carpine (drained by Siele C.), D -
Cornacchino (drained by Stridolone C.).
(For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
Table 1
List of the mines, the main periods of mining activity, and the areas of the
underlying hydrographic sub-basins of the Paglia R. watershed (according to
www.mindat.org, 2018, Mascaro et al., 1991 and www.parcoamiata.com,
2018).
Hg mining areas Period of main activity Hydrographic basin(s)
Abbadia San Salvatore 1901–1981 Pagliola Creek
(about 27 km2)
Cerro del Tasca 1846–1855
1876–1971
Minestrone Creek
(about 24 km2)
Case di Paolo
Senna mine
1846–1855
1876–1971
Senna Creek
(about 35 km2)
Siele
Carpine
1846–1949
retorting active until 1981
Siele Creek
(about 24 km2)
Cornacchino 1872–1921 Stridolone Creek
(about 98 km2)
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Abbadia San Salvatore and fluvial sediments along the Paglia R. and
along the fluvial terraces of the Pagliola Creek is reported by several
authors (Bombace et al., 1973; Fantozzi et al., 2013; Rimondi et al.,
2012; Rimondi, 2013; Gray et al., 2014). The values of Hg concentra-
tion (Table S1) in both soils and fluvial sediments are usually beyond
the threshold value of Italian laws (D. Lgs. 152/2006, 2006) for soils of
public, private and residential use (1 mg/kg) - and locally also beyond
the limit value of 5mg/kg for commercial and industrial sites. Because
of the presence of arsenic minerals in the ores, some dispersion of this
element in the environment may occur. For this reason, As was ana-
lysed along with Hg in samples of this study, even if the previous work
by Gray et al. (2014) did not find in fluvial sediments and water of the
Paglia-Tiber system any value exceeding the regulatory thresholds.
3. Methods and data collection
An integrated geomorphological and geochemical approach com-
bining various data sources, observations and analyses was used to
analyse the contaminants distribution. The Paglia is a relatively high-
energy, dynamic river characterised by a sequence of channel adjust-
ments during the period of mining activity and during the last decades.
Therefore, a geomorphological approach is fundamental for placing the
mining activity and its consequences in an appropriate spatio-temporal,
evolutionary context.
3.1. Delineation and characterization of spatial units
A multi-scale, hierarchical framework provided an appropriate
spatio-temporal background for the metal contamination problem. We
used the multi-scale approach developed by Rinaldi et al. (2013, 2015)
and by Gurnell et al. (2016).
The delineation process consists in defining boundaries between
spatial units from larger to smaller scales (Gurnell et al., 2016). The
largest spatial unit in our study is the sub-catchment of the investigated
portion of the Paglia R. Within this sub-catchment, a series of physio-
graphic (or landscape) units are established on the basis of the catch-
ment scale controls such as geology and physiographic characteristics.
Then, segments are defined as sections of the river controlled by similar
valley-scale influences and river energy conditions. Segments are at first
delineated by accounting for the intersection of the main river with the
physiographic units, as well as by considering a number of additional
factors (e.g. major changes in valley gradient, catchment area, con-
fluences of major tributaries, and lateral confinement).
Within each segment, one to several different reaches are identified
along which boundary conditions are relatively uniform, displaying a
near consistent internal set of process-form interactions (Brierley and
Fryirs, 2005; Rinaldi et al., 2013, 2015; Gurnell et al., 2016). Reaches
are thus delineated on the basis of: (a) valley setting, in terms of con-
finement; (b) channel morphology (e.g. sinuous, meandering, etc.); (c)
presence of other discontinuities, such as presence of tributaries.
The lower hierarchical spatial order is that of the geomorphic units
(GUs - Belletti et al., 2016), i.e. areas within the channel or in the
floodplain containing a landform created by erosion or deposition of
sediment, locally in association with vegetation. Once the spatial units
are delineated, their properties are characterised using existing data
and information.
The delineation and characterization of spatial units were per-
formed on the basis of the following materials and methods:
1. Physiographic units were defined by using GIS data (layers), i.e.
maps on catchment geology and digital elevation models (DEM).
2. Segments were delineated on GIS, and by using images from Google
Earth.
3. Reaches were delineated by using images from Google Earth and
orthophotos of 2012, from which parameters characterising river
morphology (e.g. sinuosity, confinement) were calculated
(according to Rinaldi et al., 2016).
4. Geomorphic units were checked during a field survey (2013), in-
cluding sampling of transects (§ 3.3).
3.2. Multi-temporal analysis of channel changes
A multi-temporal analysis of the main channel changes occurred
during the time interval from the start of the mining activity up to
present time was performed, aiming at: (i) an overall interpretation and
understanding of the evolution of channel and floodplain; (ii) inter-
pretation and relative dating of recent terraces and modern floodplain.
A detailed reconstruction of the trajectory of channel changes is
beyond the scopes of this paper, so in this study the analysis was re-
stricted to the following three sources, corresponding to key years for
mining activity and its consequences:
1. First topographic maps produced by the IGM (Istituto Geografico
Militare, Italy) dated 1883 (scale 1:50,000), coinciding with the
initial period of the MAMD mining activity;
2. Aerial photos of 1954 (IGM, scale 1:33,000), corresponding to one
of peak periods of production of the MAMD;
3. Orthophotos of 2012 (Italian Environmental Ministry, scale
1:10,000), corresponding to the most recent and best resolution
available aerial photos.
Maps and aerial photos were processed by a GIS analysis, consisting
of orthorectification and georeferencing of each image, digitalization of
channel margins, and measurement of channel width.
Orthorectification was performed by using ArcGis 9.3, where maps and
aerial photos were coregistered by using a series of Ground-Control
Points.
Limitations and errors related to georectification and digitizing of
channel morphological features have been widely discussed by various
authors (e.g., Winterbottom, 2000; Hughes et al., 2006). According to
previous similar analyses using the same methodologies (e.g.,
Winterbottom, 2000; Surian et al., 2009; Bollati et al., 2014), a max-
imum error of 10 and 7m, respectively, was estimated for our mea-
surements of channel width on the historical map and aerial photo-
graphs.
Multitemporal analysis of channel changes was then used to support
interpretation and classification of the geomorphic units (baseflow
channel, bar, floodplain and recent terraces) related to the channel
evolution occurred during the investigated period (see next section).
3.3. Geomorphological field characterization of sampling transects
Following the delineation phase, a sampling transect was identified
for each reach, based on accessibility of the field site and on re-
presentativeness of the typical assemblage of geomorphic units ob-
served within the reach. A total of 11 sampling transects were selected
(10 along the Paglia R., and 1 along the Siele Creek; Fig. 2). For each
selected site, a delineation and classification of the geomorphic units
along the transect was carried out by applying the GUS (geomorphic
units survey and classification system, Belletti et al., 2016), that is
embedded into a multiscale, hierarchical framework for the analysis of
river hydromorphological conditions. Following this method, geo-
morphic units are classified within two broad spatial domains, bankfull
channel and floodplain.
In this study, bankfull channel units predominantly comprise the
baseflow channel and various types of depositional bars. Floodplain
units are strongly influenced by the recent channel dynamics. In fact,
channel incision and narrowing of the Paglia R., that occurred during
about the last 150 years (§ 4.2), have determined the formation of a
series of ‘recent terraces’, i.e. former historical levels of floodplain that
became terraces because of bed incision. The most recent alluvial, flat
surface adjacent to the river created by lateral and vertical accretion
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under the present river flow and sediment regime is here classified as
‘modern floodplain’, according to the GUS (Belletti et al., 2016). In
addition to field survey, GIS analysis of channel changes provided
supplementary information to support the interpretation and classifi-
cation of the various recent terraces. Following the delineation and
classification, the length of each geomorphic unit along each transect
was measured.
In order to get an estimation of the volumes of overbank fine sedi-
ments accumulated within the channel of 1883, the thickness of the
overbank fine sediments overlying the gravel-bed deposits in proximity
of the geochemical sampling sites was estimated by a hand borer. Then,
the area of each polygon of the different floodplain units deposited after
1883 was measured by GIS, and the volume of fine sediment was cal-
culated as product of area and thickness. The volume of fine sediment
accumulated within the channel bed of 1883 was calculated for each
reach, and was then used to get an estimation of the volumes of con-
taminants stocked within the floodplain (§ 4.4.2).
3.4. Geochemical sampling and analysis
The main sampling campaign was conducted in 2013 picking up a
composite sample of about 1 kg of sediment, made up by mixing five
sub-samples taken within a square of 5m side around the selected
sampling point. Sampling of floodplains and terraces was conducted
with a hand borer taking the sediment from the surface down to the
underlying gravel bed (that represents the channel bed or bar on which
these sediments were deposited); the less thick C and B deposits were
sampled with a shovel. Based on evidence from 2012 and 2016 floods (§
4.5), we believe that the terraces are not affected by subsequent flood
events.
Overall, a total of 102 samples were collected: 82 from the transects
along Paglia R., 7 from the Siele transect, 5 from T1 terraces at Centeno
(on the left bank of Paglia R., Fig. 1), and 8 taken from the Pleistocene
terrace of Podere Bolognino (located on the right bank of Paglia R.,
Fig. 1). The Centeno and Podere Bolognino terraces were formed before
1883. They lie outside of the studied transects, and were sampled to
establish a further comparison between situations pre-dating and post-
dating mining activity. An additional set of eleven samples was col-
lected in February 2016 to document the effect of a flood event oc-
curred in those days (§ 4.5).
Each sample was air dried in the laboratory of the Department of
Earth Sciences, University of Florence. Samples were then sieved, and
the<250 μm fraction was subsequently pulverized with specific agate
mortars; all analyses were carried out on this fraction. This operational
approach is based on the commonly reported finding that Hg is effec-
tively concentrated in the fine fraction of river sediments (e.g., Žibret
and Gosar, 2006; Rimondi et al., 2012).
However, to ascertain whether this approach is correct, 12 samples
(two for each GU) were selected on the basis of geomorphic units (GUs)
recognised within the 1883 riverbed (C - baseflow channel, B - bar, FP -
modern floodplain, and recent terraces: T5, T4, T3; § 4.3). For these
specific samples, the Hg content was determined both in the< 250 μm
fraction, and in the total < 2mm fraction. It turned out that the con-
tent of Hg in the fraction< 250 μm indeed represents ~100% of the
total Hg of the sample (assuming that no Hg is contained in the> 2mm
fraction; Table S2). A similar behavior was assumed also for As.
The concentrations of the two elements were determined by ICP-
OES following attack by aqua regia in a microwave oven of 0.5 to 1 g of
material.
The accuracy and analytical precision were verified for each ana-
lytical batch, consisting of a total of 12 vials including 9 samples, one
blank, one duplicate, and one certified standard: Montana Soil 2711
(Hg 6.25mg/kg, As 0.1mg/kg); in alternative, one of the following
internal standards: MARS1 (Hg 2.4 mg/kg, As 2.6 mg/kg), TRSE (Hg
0.14mg/kg, As 110.4 mg/kg), STSD-1 (Hg 0.11mg/kg, As 17mg/kg),
previously tested by ACME - Analytical Laboratories Ltd. (USA), and
periodically tested in our labs.
The chosen standard materials approach the Hg limit values in re-
sidential (1mg/kg) and industrial (5 mg/kg) soil, as dictated by D. Lgs
152/06.
The lower limit of determination for Hg was 0.01mg/kg. The results
remained within confidence limits of 95% of the recommended values
for the certified materials; the reproducibility of duplicate analyses was
within 5% for both Hg and As.
To calculate the total mass of sediments in the GUs of interest (§
4.4.2), it was necessary to have an estimate of the density. To this end,
the density of five random samples from each GU was determined by
means of a pycnometer. The measurements were carried out using small
blocks cut from dried sediment cores. Therefore, measured densities
should be considered as dry bulk densities. We believe that they are a
reasonable approximation of the actual behavior in the field.
4. Results
4.1. Segmentation of the sub-catchment in spatial units
Based on criteria described in § 3.1, Landscape Units (LUs), seg-
ments and reaches of the Paglia R. were delineated (Fig. 2). Four LUs
were defined:
1. Mountain areas (1LU), from 600 up to 1738m a.s.l., occupying the
upper portion of the catchment, characterised by volcanic and vol-
cano-sedimentary sequences of the Monte Amiata and Radicofani
edifices, and by Ligurian and Subligurian Units;
2. Hilly areas (2LU), below 600m a.s.l., characterised by prevailing
Neogene sedimentary deposits located in the Radicofani Graben;
3. Predominantly hilly areas (3LU), below 600m a.s.l., characterised
by Ligurian and Subligurian Units and volcanic and volcano-sedi-
mentary sequences, located on the Monte Cetona Horst and along
the Vulsini;
4. Intermontane plain unit (4LU), comprising a relatively high plain
and including some low hilly portions, situated along the Paglia
main stem, mainly characterised by Neogene sedimentary deposits
located in the Paglia-Tiber Graben.
By intersecting the main streams with the LU, three segments were
identified; these are shown as *.n in Fig. 2. On the basis of criteria
exposed in § 3.1, a total of 10 reaches were then defined (n.n in Fig. 2)
along the studied stretch of the Paglia river. Of these 10 reaches, seven
lie on a Pliocene substrate (six in the Radicofani Graben: reaches 2.2,
2.3, 2.4, 2.5, 2.6, 2.7, and one in the Paglia-Tiber Graben: reach 4.1),
and three on the pre-Pliocenic substrate along the Monte Cetona Horst
and on Quaternary volcanic rocks (reaches 3.1, 3.2, 3.3) (Table S3). The
transects were defined within these reaches, and described with the
same reference numbers (n.n - red bars in Fig. 2).
The Siele transect is along the tributary of the same name, and is
located a few meters from the confluence of Siele Creek with Paglia R.
(17 km from Abbadia San Salvatore and 13 km from the Siele Mine).
This tributary develops mainly on the Pliocene substrate (within the
Radicofani Graben) in the hilly unit (2 LU - Fig. 2).
4.2. Channel and floodplain evolution
Channel widths measured along the 10 sampling transects from
maps/photos of the three reference years considered in this study
(1883, 1954, 2012) are reported in Fig. 3. Because of this restriction to
three periods only, the data do not allow for a detailed reconstruction of
the evolutionary trajectory of the river. However, they provide a
meaningful insight on the major channel adjustments from the start of
the mining activity to the present. From these data, it is evident that the
Paglia R. experienced a significant channel narrowing through time,
with an average reduction of channel width of about 64% from 1883 to
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1954, and a further reduction of about 70% from 1954 to 2012.
Channel narrowing occurred in combination with a change in the
overall morphological pattern, from a braided (1883) to a single-thread,
sinuous morphology (2012). These changes are consistent with those
observed along the medium and lower alluvial portions of the Paglia R.
(Cencetti et al., 2017), and, together with bed incision, represent a well
known type of channel adjustment along most alluvial rivers in Italy
and Europe (e.g. Liébault and Piégay, 2002; Surian and Rinaldi, 2003;
Rinaldi, 2003; Rinaldi et al., 2009; Surian et al., 2009; Bollati et al.,
2014; Scorpio et al., 2015; Scorpio and Rosskopf, 2016).
In the case of the Paglia R., bed incision was recognised by several
evidences observed during the geomorphological field characterization.
The two main evidences were: (i) differences in elevation between
homologous geomorphic surfaces, i.e. modern floodplain vs. recent
terraces corresponding to the floodplains of 1883 and 1954 (Rinaldi,
2003; Liébault et al., 2013); (ii) differences in elevation between top of
gravel deposits exposed in bank scarps above current bed level, corre-
sponding to the pre-incision bed elevation, and top of gravel deposits in
the present channel bed. The causes of bed incision and narrowing,
according to the existing literature on channel evolution of Italian
rivers (e.g. Surian and Rinaldi, 2003; Rinaldi, 2003; Surian et al., 2009;
Scorpio et al., 2015), are a combination of land use changes (i.e. af-
forestation) at catchment scale with intensive sediment mining. These
disturbances have also affected the Paglia R. catchment (Cencetti et al.,
2017), and therefore are interpreted as the causes of the observed
channel adjustments in the study area. An additional cause of bed in-
cision and narrowing could be a decrease of sediment supply con-
sequent to mine closure.
The evaluation of channel adjustments (incision and narrowing)
was fundamental for characterising the assemblage of geomorphic units
in present conditions, and therefore for supporting the interpretation of
the spatial distribution of metal contaminants. In fact, a sequence of
recent terraces was generated by bed incision and narrowing, corre-
sponding to former levels of floodplain and channel bed. This re-
cognition allowed a correct interpretation of the different surfaces
during the phase of geomorphological field characterization of the
sampling transects (see next section).
On the other hand, a very recent (post 2012) local and partial
widening of some reaches of the Paglia R. was observed; this phe-
nomenon is also described by Bollati et al. (2014) and Nardi and Rinaldi
(2015) in other rivers in Italy. According to these authors, the causes of
this phenomenon that occurred from the 21st century could be attrib-
uted to a renewed sediment supply (mainly for bank erosion), greater
mobility of these sediments due to a series of flood events, and a late
morphological response to the cessation of intense exploitation of the
materials in the riverbed (which took place between 1950 and early
1990s).
Finally, it should be noted that at the end of February 2016, a major
flood event along the Paglia R. caused the deposition of overbank de-
posits above pre-existing GUs; samples of these sediments were col-
lected to make a comparison with samples of the GUs taken before the
event.
4.3. Geomorphological characterization and interpretation of sampling
transects
As previously noted, the floodplain units are characterised by a
series of recent terraces and a modern floodplain as a consequence of
the channel adjustments occurred during the last 150 years. The fol-
lowing orders of terraces and lower surfaces have been identified
(Fig. 4):
1. Old terrace (T1) (i.e. formed before the last 150 years), corre-
sponding to an alluvial surface that is already recognised on the
maps of 1883 as higher than the floodplain of that year;
2. Recent terrace (T2), interpreted as the modern floodplain on the
maps of 1883, corresponding to the alluvial flat surface adjacent to
the channel bed of 1883;
Fig. 3. Changes in channel width of the Paglia R. based on maps (1883) and aerial photos analysis (1954–2012).
Fig. 4. Sketch of terraces, floodplain, channel bar and baseflow channel of the
Paglia R.
T1 - Old terrace formed before the last 150 years, i.e. before the beginning of
the mining activity; T2 - Recent terrace interpreted as the modern floodplain in
the maps of 1883; T3 - Recent terrace formed between 1883 and 1954; T4 -
Recent terrace formed after 1954, corresponding to the modern floodplain re-
cognised in the aerial photos of 1954; T5 - Recent terrace formed between 1954
and 2012; FP - Modern floodplain, corresponding to the lowest flat and vege-
tated surface adjacent to the river bed; B - Channel bars, i.e. various types of
depositional bars; C - Baseflow channel corresponding to the submerged portion
of the channel bed.
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3. Recent terrace (T3) formed after 1883 and before 1954, corre-
sponding to a flat surface at an intermediate elevation between T2
and T4, that has been interpreted as a recent terrace on the recent
terraces on the aerial photos of 1954;
4. Recent terrace (T4) formed after 1954 and before 2012, corre-
sponding to the modern floodplain recognised on the aerial photos
of 1954;
5. Recent terrace (T5), formed after T4, but before 2012, corre-
sponding to a flat surface at an intermediate elevation between T4
and the modern floodplain, coinciding with portions of the channel
bed of 1954;
6. Modern floodplain (FP), corresponding to the lowest flat and vege-
tated surface adjacent to the river bed, created by lateral and ver-
tical accretion under the present river flow and sediment regime
(recognised in the aerial photos of 2012 and during the field
survey);
7. Channel bars (B), i.e. various types of depositional bars (recognised
in the aerial photos of 2012 and during the field survey);
8. Baseflow channel (C), corresponding to the submerged portion of
the channel bed (recognised in the aerial photos of 2012 and during
the field survey).
As can be seen in Fig. 4, some GUs that are present within the 1883
channel bed were formed during mining activity of MAMD: T2 at the
very beginning, T3 during the initial phase, T4 during the maximum
period of activity (years 1950–60s), T5 during the final and closing
stages (years 1980s), and possibly after (but before 2012). This concept
will be further elaborated in the following Discussion.
For each transect, a sketch representing the distribution, lateral
extension and elevation of the different geomorphic units was obtained
(an example of transect is reported in Fig. 5). Past channel adjustments
(i.e. incision and narrowing) caused changes in the distribution and
extension of the different geomorphic units through time (see Table 2
for an example referred to the transect of Fig. 5).
4.4. Geochemical results
A summary of the analyses carried out in the 102 collected samples
is reported in Table 3. It appears that the concentrations of Hg of all
samples taken from GUs FP, T5 and T4 of the transects along Paglia R.
are largely above the Italian legal limit (1 mg/kg) for residential soils;
also most samples from C, T2 and T3 are above this threshold. For all
GUs, the mean Hg values are always higher than 3mg/kg, and the
median values are higher than 2mg/kg.
In the Paglia R., the highest mean and median Hg concentration
values are observed in recent T4 terraces (26.4mg/kg and 17mg/kg,
respectively), but the highest values of this study (up to 185mg/kg)
occur along the Siele transect, for GUs C, B, FP, and T4. On the other
hand, the GU T1 along transect 3.2 shows a value of Hg of 0.8mg/kg,
consistent with the values found in Centeno for the same GU, and at
Podere Bolognino for a Pleistocene terrace. These Hg concentrations are
comparable with, or lower than, the local background for the Amiata
area (estimated at 2 to 6mg/kg; Rimondi, 2013).
Fig. 6 is a graphic portray of Hg concentrations (mean values be-
tween the two banks of the river) in the GUs in transects along the
Paglia R. The distribution of Hg shows evident asymmetries. In parti-
cular, the highest values occur in the following units and transects:
– T4 along the transects 2.2, 2.5 and 2.6 (> 30mg/kg)
– FP along the transects 2.2, 2.3 (> 30mg/kg)
– C along the transects 2.6 and 2.7 (> 20mg/kg).
4.4.1. Arsenic
Arsenic concentrations fall within the local baseline values (11mg/
kg after Gray et al., 2014), and are always below the limit prescribed by
the Italian law for soils for civil use (20mg/kg - D.Lgs 152/2006, 2006).
The presence of As in these concentrations is presumably of little en-
vironmental concern, and will be not further discussed in this paper.
4.4.2. Estimates of total Hg mass in the sediments
In this section we attempt a quantification of the total Hg masses
contained in selected GUs. Sediments belonging to GUs outside the
1883 channel bed were not taken into account, because they were
mostly accumulated before the beginning of mining activity (§ 4.3 and
Discussion). The volumes of river sediments accumulated in the reaches
were calculated based on the extension of the GUs and their thickness (§
3.3), and the corresponding masses were then calculated by using the
average density (§ 3.4). Following the assumption that all Hg is con-
tained only in the<250 μm fraction (§ 3.4), the GU masses were re-
duced proportionally to the relative amount of this granulometric
fraction. From these reduced masses, considering the Hg concentra-
tions, we calculated the Hg masses contained in GUs for each specific
transect, and then we summed up the Hg masses for each GU. Table 4
summarizes the results of the calculations; because of the above men-
tioned assumption, the Hg masses shown represent only minimum es-
timates.
Table 4 shows that the highest contents of Hg are found in T4 de-
posits, followed by deposits of FP, T3 and T5. In order to identify the
most dangerous reaches in terms of mass of contaminants and potential
environmental hazards, the mass of Hg was calculated for each reach
(Table S4). The reach 3.1 is the one with the largest amount of Hg
(25 t), and therefore with the highest environmental risk, followed by
reaches 2.3 (12 t) and 2.5 (10 t).
The comparatively high mass of Hg associated with FP in some
reaches (2.3, 7 t; 2.6 and 4.1, 4 t each; 3.1, 3 t) may be explained with
the very recent (post 2012) local and partial enlargement of the Paglia
Fig. 5. Example of 2.2 transect with the corresponding post-1954 geomorphic surfaces.
Table 2
Temporal evolution of channel bars and baseflow channel widths, and relative
percent values of the narrowing (with respect to 1883 width) as a consequence
of the bed incision in the transect 2.2.
Period GUs along the 2.2 transect C+B % of narrowing
2013 T4 T5 FP C B FP T5 T4 41.7m 81.71
1954 FP C B B B B B FP 138m 60.53
1883 B C C C C C C C 228m –
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R. channel (§ 4.2). This partial enlargement probably reduced the speed
of the stream water, creating favorable conditions for deposition of Hg-
bearing particulate.
4.5. The flood event of February 2016
As previously noted, a major flood event occurred along the Paglia
R. in February 2016. A comparison was made between the Hg con-
centrations of the overbank deposits of this event, and the deposits of
baseflow channel, bar, and floodplain (Table 5), to ascertain whether
this event caused an important remobilization of Hg-contaminated se-
diments, as demonstrated by Pattelli et al. (2014) for the November
2012 event.
In most cases, the Hg concentrations of 2016 overbank flood
Table 3
Intervals, mean and median values of Hg and As concentrations in GUs along the Paglia R. and Siele C. transects. All values in mg/kg.
Morphological units Hg range Hg mean Hg median As range As mean As median
Paglia R. C 0.2↔ 27.5 8.9 4.8 4.1 ↔ 8.2 5.2 5.0
B 0.6↔ 22.4 9.4 8.8 4.1 ↔ 6.6 5.2 5.1
FP 2.6↔ 97.9 19.1 13.0 3.8 ↔ 6.6 5.6 5.6
T5 1.3↔ 13 5.4 4.0 5.1 ↔ 6.7 5.6 5.3
T4 44↔ 66.9 26.4 17.0 4.9 ↔ 7.1 6.0 6.0
T3 0.4↔ 22.6 9.4 11.0 3.8 ↔ 6.5 5.4 5.6
T2 0.1↔ 17.3 3.7 2.0 3.2 ↔ 10.1 6.9 6.7
T1 (pre 1883) 0.8 – – 4.5 – –
Siele C. C 29.4 – – 4.9 4.9 4.9
B 79↔ 79.4 79.2 79.2 6.0 6.0 6.0
FP 182↔ 185.5 183.7 183.7 5.2↔5.4 5.3 5.3
T4 90↔ 94 92.0 92.0 4.4↔4.6 4.5 4.5
Centeno T1 (pre 1883) <0.05 (D.L.)↔ 1.1 0.3* 0.2* n.a. – –
Pod. Bolognino Pleistocenic Terrace <0.05 (D.L.)↔ 5.4 0.6* 0.6* n.a. – –
n.a.= not analysed.
*Calculated assuming a nominal concentration of 0.05mg/kg for samples below detection limit (D.L.)
Fig. 6. Hg concentrations (mean values between the two banks of the river) in MUs along the transects of Paglia R. The Italian Hg limit (D.Lgs 152/2006, 2006) of
1 mg/kg in soil for public, private and residential use is shown. The position of Pagliola and Siele creeks confluence is shown by arrows.
Table 4
Thicknesses, volumes and masses of sediments of selected GUs along the Paglia
R. transects.
FP T5 T4 T3
Range (cm) 5÷100 15÷125 15÷130 15÷150
Mean (cm) 35 63 52 54
Median (cm) 22 30 45 25
Volume (m3) 814,371 435,873 2,155,897 636,175
Density (kg/m3) 2130 1915 1663 1730
Mass (t) 1,734,612 834,697 3,585,256 1,100,583
Hg mass (t) 19 1 39 4
Table 5
Hg concentration values of baseflow channel (C), bar (B) and floodplain (FP)
collected in 2013, and of the overbank deposits of the February 2016 flood.
Transects C
Hg (mg/kg)
B
Hg (mg/kg)
FP
Hg (mg/kg)
Flood
sediments
February
2016
Hg (mg/kg)
Flood
sediments,
November
2012°
Hg (mg/kg)
2.2 0.2 0.6 50.6* 38.2 10 (P08)
2.3 3.5 10.9 40.3 39.6 40 (P07)
2.4 4.1 5.0 4.3* 4.4 –
2.5 3.3 3.4* 5.9* 5.6 –
2.6 27.5 11.4* 15.5* 19.4 –
2.7 25.1 10.4* 15.6 12.1 –
3.1 7.4 10.9* 15.4* 17.2 16 (P06)
3.3 4.8 10.6 11.8 7.1 2 (PAG1)
4.1 8.3 10.9* 18.4* 5.0 Mean 8.5
(PAG2)
Paglia** – – – 6.7 3 (PAG3)
Orvieto** – – – 3 0.05
(PAG4)
– No data.
°(After Pattelli et al., 2014; in parentheses, their sample label is reported).
*=mean value between the two banks.
**These samples lie outside the river segment investigated in this study, and
were taken only for comparison with the previous data of Pattelli et al. (2014).
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deposits are higher than in deposits of C and B. A significant exception
are C deposits downstream of Siele C. (transects 2.6 and 2.7), where Hg
concentrations are higher (Fig. 6), showing that this tributary currently
discharges, under “normal” conditions, sediments with> 20mg/kg Hg
into the Paglia R.
Downstream of Pagliola C. (transects 2.2 and 2.3), very high
(> 30mg/kg) contents of Hg are recorded both in FP deposits and in
2016 overbank deposits. As shown by Table 5, the general trend of
concentrations of Hg in deposits attributed to the flood of February
2016 is similar to that of the FP (i.e., they decrease from transects
2.2–2.3 to 2.4, then sharply increase in transect 2.6–2.7 after the con-
fluence of Siele C.).
Some of the 2016 flood deposits were collected at the same sites of
the previous sampling by Pattelli et al. (2014) following the 2012 flood
event (samples P08, P07, P06, PAG1, PAG2 – Table 5 and Fig. 7). To
strengthen the comparison between the effects of the two events, two
additional overbank sediment samples (Paglia and Orvieto in Fig. 2 and
Fig. 7) along the Paglia R. were obtained south of the study area, in the
sites corresponding to samples PAG3 and PAG4 of Pattelli et al. (2014).
The results of the analyses are reported in Table 5, and graphically
portrayed in Fig. 7.
From comparison of these data, it is noted that in every major flood
event large quantities of Hg- contaminated sediments are transported
(the concentration values are in almost all cases above the limits set by
the Italian law for residential soils of 1mg/kg). Except for transect 2.2,
Hg concentrations at each specific location are similar in the two flood
events (the differences are of the same order of the analytical error). In
transect 2.2, the value of Hg concentration is about four times higher in
the overbank deposits of 2016 compared to those of 2012, indicating
that in the 2016 event the Pagliola C., located upstream of Section 2.2,
discharged heavily Hg-contaminated sediments.
5. Discussion
This study confirms and expands the results by Rimondi et al.
(2012) and Gray et al. (2014) about dispersion of Hg-contaminated
sediments in the Paglia R. basin. Moreover, combination of geomor-
phologic features and geochemical analysis allows a more precise pic-
ture of Hg distribution, and a first attempt to quantify the masses stored
in the different GUs of the Paglia R. (see Table 4).
The oldest GUs considered in this study (T1) were formed before
1883, and therefore received little input from the mining activity, ex-
cept possibly in the occasion of large flood events causing inundation
and overbank deposition over these surfaces. Although we have few
samples of these GUs, they consistently show comparatively low Hg
concentrations, in the order of, or even lower than, the estimated local
background (Rimondi, 2013). Therefore, the Hg concentration en-
countered in T1 could represent a local background value for Hg, re-
flecting the pre-mining concentration but indeed the presence of a
diffuse Hg anomaly (with respect to the average Hg value of European
soils – e.g., Table 4 in Teršič et al., 2014) in the Paglia drainage basin.
The T2 terraces represent an evolution of the 1883 FP. These ter-
races may have been inundated during ordinary flood events, therefore
overbank deposition of contaminated sediments from ongoing mining
activities possibly occurred. However, in the first decades (1850–1883)
of activity the production was modest (< 2% of the cumulate of the
district; Strappa, 1977). Accordingly, the impact of mining on this GU
was marginal, with some concentration values that can be considered
anomalous with respect to the local background, but with mean values
not exceeding this background.
The first GUs that clearly show anomalously high Hg values are T3.
These were formed between 1883 and 1954, i.e. in a time span fully
coincident with mine activities. However, the extent of the anomaly is
only moderate (Table 3), suggesting that these units might predate the
peak of mining production (occurring in the 20th century: Strappa,
1977).
The GUs containing the highest average concentrations and the
largest Hg total mass (39 t) are the recent terraces T4. These GUs were
formed as an evolution of the 1954 FP, i.e. they received the influence
of the peak production period in the MAMD. This period corresponds to
the phase of maximum release of pollutants that have been accumu-
lated in the river sediments.
The T5 GUs were also formed after 1954 and before 2012, but are
younger than T4. Indeed the comparatively low Hg contents suggest
that they were only marginally affected by mining activities, i.e. they
were formed shortly before, or after, the closure in the 1980s.
The current floodplains (FPs) may show quite high Hg concentra-
tions, and contain significant masses (19 t) of the metal. This large Hg
input is somewhat surprising, and could be due both to the last flood
events, that have deposited abundant amounts of sediment and con-
taminated materials on this GU, and to the recent local and partial
enlargement of some reaches of the Paglia R. (§ 4.2).
It is important to highlight how the erosion of some GUs can result
in a high environmental risk for the large mass of contaminants present.
It should also be noted that any eventual remediation plan of these GUs
must take into account that in every major flood event large quantities
of locally heavily Hg-contaminated sediments are transported down-
stream, and may be re-deposited onto the pre-existing GUs.
In this context, the influence of the Paglia R. tributaries appears to
be fundamental in the supply of Hg-contaminated sediments (Fig. 6):
Fig. 7. Hg contents in overbank sediments of the flood events of February 2016 and November 2012 (data for the latter from Pattelli et al., 2014). For each sampling
site, the first label is the one used in this work, the second is that of Pattelli et al. (2014).
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1) Pagliola C. drains the mining area of Abbadia San Salvatore; despite
that this area has been subject to decommissioning and is under-
going reclamation, during flood events the drainage carries high
concentrations of Hg in fluvial sediments, as evidenced in the FP
(where Hg concentration may reach 97.9mg/kg - Table 3, and
transect 2.2, Fig. 6). The effect of the input from the Pagliola C. is
also evident in T4 terraces in transect 2.2 (Fig. 6). On the other
hand, the deposits of baseflow channel (C) and bar (B), sampled
during a period without intense floods (2013–2014), showed Hg
concentrations< 1mg/kg (Fig. 6 - transect 2.2).
2) Siele C. drains the Siele - Carpine mining area, where reclamation
was completed in 2001. However, along this creek we find the
samples with the highest Hg concentrations in all GUs (C, B, FP and
T4 samples taken from the transect Siele - see Table 3). Hence, Siele
C. is still contributing sediments with high Hg concentrations to
current deposits of Paglia R. (GUs C and B - transect 2.6 in Fig. 6).
This phenomenon also occurred during the formation of FPs. Like-
wise, Siele C. may have contributed Hg to the FP of 1954 (now
transformed by fluvial engraving in T4 - transect 2.6 in Fig. 6).
A high concentration of Hg in T4 is recorded also in transect 2.5
(Fig. 6). Such a high concentration may be interpreted by making re-
ference to the morphological evolution of the river, namely to the ex-
istence, in 1954, of an extended FP (Fig. 8), where a slowdown of the
stream speed could have favored the deposition of Hg-contaminated
sediments from mine runoff.
5.1. Comparison with Idrija Hg district
In this section, we establish a comparison between the here de-
scribed fluvial sediment contamination and that occurring in another
major Hg mining district discharging into the Mediterranean Sea: Idrija
(Slovenia; Gosar, 2008; Gosar and Žibret, 2011; Bavec et al., 2014;
Gosar and Teršič, 2015; Baptista Salazar et al., 2017), the second most
important in the world.
Idrija is an area where a naturally elevated (2mg/kg, Gosar et al.,
1997) Hg concentration is technologically enhanced due to 500-year
long Hg mining. In this area detailed investigations on Hg distribution
in different environmental compartments such as calcine, mine tailings,
soil, atmosphere, stream sediments, river suspended matter, road se-
diments and attic dusts were conducted (Biester et al., 2000; Gosar and
Čar, 2006; Gosar, 2008; Teršič et al., 2011a, 2011b, 2014; Bavec et al.,
2014; Gosar and Teršič, 2015; Baptista Salazar et al., 2017).
The Idrijca river drains the district before becoming an affluent of
Soča-Isonzo R., which flows directly into the Sea (see Covelli et al.,
2001).
Table 6 shows the comparative characteristics of the two rivers
draining the mining districts, the Hg production of the two districts, the
amount of Hg dispersed in the environment, the Hg concentrations in
floodplains, terraces and actual sediments, the volume of contaminated
sediments, the masses of Hg in the fluvial sediments, and the fraction of
total Hg dispersed accumulated in the river sediments.
As it appears from the comparison, the productions and the total
amounts of the Hg dispersed in the environment are similar for both
districts. On the other hand, the estimated mass of metal accumulated
in the fluvial sediments is much higher (30 times) at Idrija. This dif-
ference is primarily the result of a much higher average Hg con-
centration mainly in the floodplain and in first order terraces at Idrija.
The volumes of sediments involved are also twice higher for Idrija, but
we notice that in this district the sediment thickness was calculated
with respect to the current bed of the river, regardless of the time of
accumulation (see Žibret and Gosar, 2006). On the contrary, in the case
of Paglia R., the thickness of contaminated sediments is calculated with
respect to the effective riverbed at the moment of the deposition (§ 3.3).
We therefore suggest that the volumes (and consequently the total Hg
mass) of contaminated sediments at Idrija may be overestimated. On
the other hand, in the calculation of the Hg mass in the Paglia sedi-
ments we assumed that all Hg is contained in the<250 μm fraction,
and that the coarser fraction does not contain Hg. Moreover, only the
GUs deposited after 1883 (T3, T4, T5, and FP) were considered, but
Fig. 8. View of the extended FP in 1954 (a) that became a T4 terrace as a consequence of fluvial engrave (b - current situation) along the transect 2.5.
Table 6
Comparative features of rivers draining the two mining districts of Monte
Amiata and Idrija.
MAMD Hg mining district of Idrija
(Slovenia)
Length of the river Paglia R. - 43 km Idrijca R - 60 km
Hg production period 1870–1981 1490–1995 (Žibret and
Gosar, 2006)
Hg yield 102,000 t (Gray et al.,
2014)
107,000 t (Žibret and
Gosar, 2006)
> 140,000 t (Mlakar,
1974; Miklavčič, 1999;
Dizdarevič, 2001)
Hg dispersed in the
environment
44,000 t (Bombace et al.,
1973)
> 35,000 t (Mlakar, 1974;
Miklavčič, 1999;
Dizdarevič, 2001)
45,500 (Gosar, 2008)
Mean Hg
concentration
floodplains and
terraces (mg/kg)
Floodplains (FP): 19.1
Recent terraces (T3 to T5):
5.4 to 26.4
(fraction < 0.250mm)
Floodplain: 342.3
1st order terraces: 145.3
2nd order terraces: 7.8
(Žibret and Gosar, 2006
fraction < 0.063mm)
Range of Hg
concentration in
actual fluvial
sediments
(mg/kg)
Channel sediments (C):
0.2–27.5
Bar sediments (B):
0.6–22.4
(fraction < 0.250mm)
Stream sediments: 2.3–9.5
(fraction < 0.04mm)
Stream sediments: 14–27
(fraction <0.125mm)
(from Table 1 in Gosar and
Teršič, 2015)
Volumes of
contaminated
sediments
Floodplains (FP):
0.81× 106 m3
Recent terraces (T3 to T5):
3.23× 106 m3
Floodplains: 4× 106 m3
1st order terraces:
2.3×106 m3
2nd order terraces:
2.3×106 m3
(Žibret and Gosar, 2006)
Mass of Hg in the
fluvial sediments
63 t 2029 t (Žibret and Gosar,
2006)
Fraction of total Hg
dispersed
accumulated in
river sediments
0.2% 5%
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from the collected data it would appear that part of the sediments be-
longing to T2 (located off the 1883 riverbed) could have been con-
taminated by Hg derived by the mining areas present in the basins of
the tributaries, and/or by deposition of contaminated sediments re-
sulting from post-1883 major floods – see previous Discussion. The here
reported value of 63 t Hg for Paglia R. is therefore a minimum estimate.
The recent reclaiming of some areas where the mining wastes were
discharged (e.g., Abbadia San Salvatore, or the Siele-Carpine mining
area), that may be considered as point sources of pollution, conceivably
reduced the feed of contaminants in the superficial fluvial network.
However, our results indicate that the effects of the diffuse sources, now
represented by the stream sediment of the Paglia R., will affect the
environmental quality of the surficial drainage system for a long time,
also at a considerable distances from the MAMD mining district (Gray
et al., 2014). Assuming that the transport of Hg by the Paglia R. is
constant, the flux estimate of about 11 kg/y (Rimondi et al., 2014b)
implies that the removal of about 63 t of Hg will take a time lapse in the
order of 103 years.
6. Conclusions
The geomorphologic-geochemical approach adopted in this study
shows that the sediments of the Paglia R. belonging to the various
geomorphic units (GUs) exhibit variable, locally elevated Hg con-
centrations, both in the transects and along the course. This variability
is not casual, but it is conditioned by both past and current fluvial
dynamics, and by the mining activity in the Monte Amiata District, the
impact of which can still be perceived over 30 years from the end of
mining.
The course of Paglia R. has undergone, and is undergoing, a strong
fluvial dynamics; in particular, since 1883 there has been a gradual
incision. As a consequence, the most recent GUs can be eroded, and
thus become secondary sources of contaminants. On the other hand,
currently a trend reversal is locally observed; where this last phenom-
enon occurs, there are favorable conditions for a greater accumulation
of contaminated sediments.
The estimate of the total mass of Hg in contaminated sediments in
the GUs of the analysed stretch (43 km) of the Paglia R. is 63 t. This
mass can be mobilized and redistributed during major flood events and
conceivably will affect the environmental quality of the river for the
next future.
The Paglia R. tributaries contribute to this process, in particular:
– Pagliola C., which drains the partly remediated mining area of
Abbadia San Salvatore, continues to supply Hg contaminated ma-
terials, as evidenced by sediments accumulated in the current
floodplain (FP) or deposited during major flood events;
– Siele C., that drains the reclaimed Siele-Carpine mining area, car-
ries, in all current flow conditions, sediments with the highest Hg
concentrations documented in this study.
Knowledge of the river dynamics of Paglia R. and of its current and
past GUs is crucial for identifying the areas with the highest environ-
mental risk. The approach of this study, combining geomorphologic and
geochemical aspects, appears quite effective for identifying the actual
and potential environmental hazards and for planning future mon-
itoring. Full remediation of a diffuse pollution source like that re-
presented by stream sediments in a large river system (like Paglia-
Tiber) may be complex and expensive. It may be necessary a long term
(years, or even decades) limitation of land and natural resource use
(primarily fishing) along the river courses. Moreover, it seems advisable
monitoring all the activities carried out along the rivers, in order to
minimise the effects on human health.
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